The immunoglobulin heavy-chain switch is mediated by a recombination event between DNA switch regions associated with donor and recipient constant-region genes. We have determined that the mutations which can be found in some switch regions after recombination appear to arise on only one strand of DNA. This result suggests that switch recombination involves error-prone synthesis of one DNA strand and ligation of the other strand from preexisting DNA.
The immunoglobulin heavy-chain switch is mediated by a DNA recombination event between switch regions (2-4, 8, 16) . Switch regions are located a few kilobases upstream of each heavy-chain constant-region coding segment and are composed of simple sequences repeated in tandem (5, 6, 10, 18) . Recombination between a donor (for example, S,u) and a recipient (for example, Sa) switch region results in deletion of the intervening DNA, with its constant-region coding segments, and in physical linkage of the variable and recipient constant-region coding segments. A functional connection between DNA synthesis and heavy-chain switching has been suggested by several studies (11, 20, 25) . Other forms of nonhomologous recombination probably take place by a copy choice mechanism (1) . We suggested that DNA synthesis is directly involved in switch recombination because it accounts for deletions, duplications, and mutations found in recombined switch regions (7) . To understand the mechanism of DNA synthesis during switch recombination, we have now determined the sequence of an S,u region before switch recombination to Sa. Comparison of this sequence with that of recombined SSoSa genes from clonally related cells reveals that some progeny of a single-switch recombination event have mutations, whereas other progeny do not. This result is consistent with a model in which one strand of DNA is synthesized during the switch recombination event.
Cell lines and molecular clones. Immunoglobulin M-positive (IgM+) 1.29 cells were prepared by fluorescence-activated cell sorting and were passaged through mice five times as described previously (22) . Each population of cells was named according to the number of passages: for example, the I.29 IgM.1P (99% ,u+, 37% a+) cells had been passaged through mice once and IgM.5P cells (17% ,u+, 77% a+) had been passaged through mice five times. I.29,u cells were also adapted to tissue culture, in which switching to a expression could be induced by treatment with anti-idiotype antibodies and lipopolysaccharide or by anti-IgM and lipopolysaccharide (23) .
Various molecular clones were derived from these 1.29 cell populations (Fig. 1 ). The molecular clone E,u.5 represents the expressed heavy-chain gene from the 1.29 cell line IgM.1P (12) . The S,u region is prone to deletion in bacteriophage vectors; the E,u.5 phage population included phage with SR regions ranging in size from 0.7 to 2.5 * Corresponding author. kilobases, the largest S,u region being the same size as the genomic S,u. From the IgM.5P DNA, we derived molecular clones containing expressed a genes with S,uSa recombination sites: Ea.J1, Ea.J2, Ea.J3, Ea.J4, and Ea.J5. The molecular clones BFO.5 and BFO.6 represent independent isolates of the expressed a gene from 1.29 cells that switched in vivo and were cloned in vitro (21) . 41.3 is a molecular clone of the expressed a gene from I.29,u cells that had been induced to switch in vitro. These S,uSa-containing clones have been described (7, 12, 23) .
DNA sequence of an S,u region from a ,u-expressing L.29 cell line. In the process of subcloning the S,u region from E,u.5 into the Bluescript KSvector (Stratagene, La Jolla, Calif.), we obtained a plasmid clone with a 2.5-kb SstI-HindIII fragment, which includes an apparently intact S,u region. Fragments from SstI-HindIII, BstEII, and BstNI digests and from partial AluI digests were further subcloned into M13mpl8 and M13mpl9 and sequenced by the dideoxy method (19) . The sequence of the SRx region in the molecular clone E,u.5 was determined and found to be composed entirely of the pentamers GGGGT and GAGCT or closely related pentamers (e.g., GGGCT and GAGGT). S,u sequences in the recombined S,uSa regions of the clones 41.3, BFO.5, BFO.6, Ea.J1, Ea.J2, Ea.J3, Ea.J4, and Ea.J5 could be aligned with the E,u.5 S,u sequence.
Schematic representations of the S,u sequences of the E,u.5, BFO.5/BFO.6, 41.3, and Ea.J clones are shown in Fig. 2A . A small portion of each of these sequences, which include S,uSa recombination sites for the BFO.5/BFO.6 and Ea.J clones (indicated in Fig. 2A ), is presented in Fig. 2B . Ep. 5 TGAGCTGAGCTGAGCTGAGCTGGGGTGAGCTGAGGTGGGGT 325 Fig. 2A) . The deletions in the Ea.J and BFO.5/BFO.6 clones were observed in independent bacteriophage clones that represented the same SI,Sa region; thus, they are unlikely to be the result of cloning artifacts. The Ea.J series of molecular clones was derived from one cell population, and these clones share the same S,uSa recombination site; they are apparently the result of a single-switch recombination event. Nevertheless, the sequences of the S,Sa regions of these clones fall into two groups ( . DNA synthesis in heavy-chain switch recombination. Two mechanisms that are consistent with our results are shown. In mechanism A, DNA synthesis, indicated by thin curves with arrows, of one of the strands of the S,u region (solid boxes) switches templates at a DNA breakpoint in the SF region to a breakpoint in the Sa region (hatched boxes). Switch recombination is partially completed by copy choice DNA replication and is completed by a ligation reaction of old (thick boxes) strands. After recombination is complete, the hybrid switch region is a heteroduplex, with old strands (thick boxes) from both the S,u and Sa regions and new strands (thin boxes) from both regions. In the next cell division, this heteroduplex will be duplicated, so that in some switch regions, germ line sequences will be observed (from the old strands) and in other switch regions, mutations will be observed (from the new strands). In mechanism B, DNA synthesis of the S,u region is primed by an Sa DNA strand and DNA synthesis of the Sa region is primed by an S,u strand. Recombination is completed by a ligation reaction. After duplication of the resulting heteroduplex, two products will be observed, both having new strands in one part of the recombinant switch region and old strands in the other part of the recombinant switch region. As discussed in the text, these models are consistent with the pattern of mutations in the SR region of the Ea.J series of clones; the pattern of mutations and duplication in the Sa region is too complex to be informative. single base changes and small deletions (7) . Examples of these differences are shown in Fig. 2B . In 240 bp of S,u sequence, Ea.J1/Ea.J3/Ea.J5 differ from Ea.J2/Ea.J4 at five positions and by a 5-bp deletion (noted by boxes). At these differences, the Ea.J1/Ea.J3/Ea.J5 sequences always match the S,u sequence from the ,u-expressing cell (E,u.5).
Error-prone DNA synthesis of a single strand during switch recombination. The Ea.J series of molecular clones represents two groups of progeny of a single-switch recombination event (7) . Two models for switch recombination which account for two distinguishable progeny from one recombination event are shown in Fig. 3 . In model A, DNA synthesis switches templates between the S,u and the Sa regions. Model A is essentially the same as a previous model for switch recombination (7) . In model B, a preexisting S,u strand primes DNA synthesis by using the Sa region as a template and vice-versa. We had not considered such a mechanism for switch recombination previously, but it is consistent with existing data. Both models are consistent with DNA sequences of switch recombination sites; template switching (model A) or illegitimate priming (model B) could take place at the short sequences most often found at switch recombination sites (13) (14) (15) . In addition, template switching or illegitimate priming could take place at different sequences within the same switch region, resulting in the deletions associated with switching we and others observe ( Fig. 2) (7, 9, 17, 23, 24) . Duplication of switch region sequences could arise by DNA synthesis initiating at multiple sites simultaneously (7) , rather than at a single site as shown in Fig. 3 .
Both of the models presented in Fig. 3 predict that a heteroduplex, ,u-a hybrid switch region is an intermediate of switch recombination. The heteroduplex arises as the old DNA strand pairs with the newly synthesized strand, which includes base replacement errors. In the next cell division, each strand of the heteroduplex would be copied faithfully, resulting in two progeny-one with mutations and one without. Both of the models predict that for the S,u part of a hybrid S,uSa region, all of the mutations will be in one set of progeny. At the S,u residues that are analyzable in the Ea.J series of clones, this is the result we observe (Fig. 2B ). The region of error-prone DNA synthesis can include at least 300 bp on either side of the switch recombination site; mutations in switch regions can be identified at least this far from the recombination site (7) .
The pattern of base substitutions in the Ea.J S,u region leads us to hypothesize DNA synthesis of only one (new) strand in S,u. The Sa parts of the Ea.J hybrid S,uSa regions present a different pattern of base substitutions. In the Sa region near the S,uSa recombination site, we have reported that the Ea.J1/Ea.J3/Ea.J5 sequences differ by four single base changes and a five-nucleotide deletion from the Ea.J2/ Ea.J4 sequences (7) . The Ea.Jl/Ea.J3/Ea.J5 sequence matched the corresponding Sa germ line sequence at only three of the five mutations; the Ea.J2/Ea.J4 matched the germ line at the other two mutations. However, the S,u and Sa parts of the hybrid switch regions differ in a second way. The Ea.J S,u regions ( Fig. 2B ) include no obvious tandem duplications relative to the E,u.5 sequence. The Sa sequences near the S,uSa recombination site appear to have been generated by tandem duplication of germ line Sa elements (7) . In order to duplicate 295 bp of Sa region, both DNA strands must be synthesized, although each of the two 295-bp regions could have one old and one new strand. In addition, there are two Sa residues at which all of the Ea.J clones are the same but different from the germ line sequence to which they were compared (7) . This emphasizes the fact that it is not clear which part of the Sa germ line sequence was duplicated in the generation of the Ea.J S,uSa recombinant switch region. The complex nature of the Ea.J Sa sequences makes them uninformative with regard to the pattern of DNA synthesis in the heavy-chain switch.
The two sets of Ea.J clones often have the same nucleotide at certain residues but differ from the E,u.5 sequence. We interpret these differences as mutations in the E,u.5 switch region, which occurred subsequent to the switch event that produced the IgA+ cell from which the Ea.J clones were derived. Perhaps the clone of ,u-expressing cells in the IgM.1P population, from which the molecular clone E,u.5 was derived, attempted to switch from ,u to a. During those attempted switches, mutations may have been introduced into the SR region. At these mutations, the E,u.5 sequence would differ from that derived from the IgM.5P cell line, which went through independent switch events and gave rise to the Ea.J series of clones.
It is interesting that replication of switch region sequences subsequent to that occurring during switch recombination appears to be quite faithful. Independent IgA+ cells have identical S,uSa sequences (e.g., the cells that gave rise to Ea.Jl, Ea.J3, and Ea.J5 [7] ). Thus, the sequences of switch VOL. 10, 1990 on September 26, 2019 by guest http://mcb.asm.org/ Downloaded from regions are not inherently susceptible to mutation, but, rather, the mechanism of switch recombination or the enzyme that effects the switch or both appear to be error prone.
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